The performance of high shear airblast fuel injectors for advanced gas turbine combustors is highly dependent on the design of the swirl vanes. The vanes may be of the straight or curved type. Curved vanes usually exhibit lower losses but straight vanes are also used due to lower cost and ease of manufacture. These type of vanes often operate under highly stalled conditions with high total pressure loss and a highly non-uniform exit velocity profile. This can produce poor fuel atomization with a non-uniform combustor fuel distribution resulting in lowered combustor efficiency and increased pollutant emissions.
INTRODUCTION
For low pollutant emissions, high combustor efficiency, and low pattern factor in modern gas turbine engines, the design of the fuel injection system is crucial. For advanced high pressure ratio aircraft engines, the length of the combustor is reduced to reduce cooling requirements and more air is supplied to the primary zone via the burner front for lower liner losses. Further, to maximize cycle efficiency the exit temperature must be higher. This requirement, along with less dilution air being available for temperature profile tailoring, can cause advanced combustor systems to be extremely sensitive to fuel spray non-uniformities.
Thus for the combustion system to be effective and environmentally acceptable, the fuel must be well atomized and uniformly distributed in the combustor. If good atomization and good distribution is not obtained, nonuniform burning will occur. Localized hot spots at near-stoichiometric conditions cause the highest temperatures and produce the greatest amount of NO N. Reducing the NO emissions by reducing the reaction temperature could adversely affect the combustion stability and could increase emissions of carbon monoxide (CO) and unburned hydrocarbons, especially at low-power operation'. Therefore a means of controlling the reaction zone stoichiometry over the entire operating range is required to minimize NO. production while maintaining good combustor efficiency. Uniform fuel injection and mixing are essential for achieving these conditions. This has been shown in numerous experimental studies. In the work of McDonell and Samuelsen' it was found that variations in the gas azimuthal velocity influences the radial spread of the fuel droplets. This results in disparity in the radial distribution of the fuel. Experimental work by Rosgord and Eckerle3 and Rosgord and Russel' showed the influence of nonuniformities in the air velocity distribution had on fuel patternation. In these studies alternating swirl vanes were removed to investigate the effect on fuel distribution. Removal of the alternating vanes increased the gap to chord ratio which results in pushing the vane assembly towards stall. Periodic variations in the axial, tangential and radial velocity profiles were dearly evident. At a radius of maximum variation the ratio of the maximum to minimum total air velocity was 12. This resulted in a ratio of the maximum to minimum fuel mass flux of 1.7. Thus while regions of high axial velocity did convect higher local fuel flow rates, a fuel-air interaction must have occurred in the vicinity of the nozzle exit to enhance this effect. In an experimental study by Brefla de in Rosa et al5 the spatial fuel distribution of sizes and velocities, particle number density and liquid volume flux are strongly influenced by the dynamics of the swirling air field. Similar effects were found in a numerical investigation by Micklow et alb.
Soot formation is also associated with poor fuel atomization. Soot is not an equilibrium product of combustion, and therefore its formation is influenced as much by the physical processes of atomization, evaporation, and fuel-air mixing as by reaction kinematics. Soot is generally produced anywhere that fuel-air mixing is inadequate. Problems of concern associated with soot formation are high liner temperatures due to increased radiative heat transfer, impingement of carbon on metal surfaces resulting in erosion and reduced equipment lifetimes, and distortions of fuel spray distribution because of carbon deposits, leading to hot spots and increased NO formation.
The superior combustion and reduced emissions of the high-shear airblast fuel injector relative to the conventional pressure atomizer is well established'. This superior performance has led to the widespread adoption of the airblast fuel injector in modern high-pressure-ratio gas turbine engines. The airblast fuel injector produces a finer spray because of the thorough mixing of the fuel and air. This yields a flame of low luminosity and soot, thus resulting in relatively cooler liner walls, a minimum of exhaust smoke, and lower NO emissions. Furthermore, the placement of the fuel droplets in the burning zone is mainly dictated by the airflow pattern, being almost insensitive to fuel flow variations. Thus the importance of optimizing the nozzle and swirler designs for high temperature rise, short L/D, advanced cycle combustors becomes very critical'''. Considerable work has been done in recent years to gain a fundamental understanding of the fuel spray, air swirler fluid mechanics and droplet-airflow interaction'. Several authors's"' have shown that for low viscosity fluids the important parameters for decreasing fuel drop size are high air velocity and air density. Thus the swirl vanes should be designed to achieve a minimum loss of total pressure in the airflow passages and a high, uniform velocity profile at the vane exit. As a rough guide, a 1 percent reduction in combustor total pressure loss results in a 1 percent decrease in specific fuel consumption. In addition, the greatest exit velocity will occur when there is minimal total pressure drop. Any loss in total pressure will decrease the vane exit velocity, resulting in poorer atomization of the fuel. Furthermore, Beer et al" show the importance of strong swirl or large turning in combustor swirl vane design. When the swirl intensity is increased in a jet, a point is reached when the adverse pressure gradient along the jet axis cannot be further overcome by the kinetic energy of the fluid particles flowing in the axial direction, and a recirculating flow is set up in the central portion of the jet between two stagnation points. This recirculation zone, which has the form of a toroidal vortex, plays an important role in flame stabilization since it constitutes a well-mixed zone of fuel, air, and combustion products. Test data of Kilik" show that the length of the recirculation region increases and that the reverse mass flow rate increases as vane turning increases. Furthermore, it was found that curved-vane swirlers produce a larger recirculation region than flat-vane swirlers with the same outlet angle and number of vanes. This is because the swirl imparted to the flowfield by curved-vane swirlers was greater than for flat-vane designs. For small turning or swirl numbers the recirculation zone is much more limited, or non-existent altogether.
For obtaining an effective and efficient airblast atomizer and correctly modeling the inlet flowfield required for computational studies of advanced combustors, the accurate prediction of the swirl vane flowfield is of paramount importance. Previously, swirl vanes were typically designed by one-dimensional, incompressible methods with empirical loss correlations. The resulting swirl vane designs were flat-plate airfoils inclined at an angle to the incoming flow. At the exit, flat axial and circumferential velocity profiles have to be assumed, because of the one-dimensional analysis. Sander and Lilley" showed that the flat velocity profiles become progressively unrealistic as the swirl vane angle increases and that for large turning, two-and three-dimensional effects cannot be neglected. Furthermore, flat swirl vanes often operate at stalled conditions with a high total pressure loss across the blade row which must be avoided for efficient engine operation. A one-dimensional analysis cannot accurately predict these flow phenomena. The wakes emanating from the vane assembly trailing edge operating under stalled conditions could drastically affect the quality of the atomization. Also a one-dimensional computation cannot make accurate assessments under_the widely varying inlet conditions encountered by swirl vanes. Samuelsen et al.' show that the inlet conditions can drastically change the swirl vane exit flowfield.

The flowfield of helical vane assemblies in general is highly three dimensional'. Therefore a two dimensional axisymmetric calculation is not valid. Thus for accurate prediction of the flowfield associated with high turning swirl vanes of advanced airblast atomizers, a three-dimensional viscous flow solver is required.
In the current study the flowfields of two high turning swirl vane assemblies are predicted using a three dimensional viscous compressible flow solver. The first case is for a helical flat swirl vane as found in many advanced gas turbine airblast atomizers The second is an optimized curved swirl vane. Both cases have sixty degrees turning. Comparisons are made from the resulting calculations for exit velocity profiles and total pressure loss coefficient distribution for idle, cruise and takeoff type conditions.
Computational Techniaue
The computational analysis used for the current study was a three dimensional Navier The boundary condition at the wall is the standard no-slip condition. The pressure at the wall is obtained from the normal momentum equation evaluated at the surface. At the inlet either the mass flow or total pressure is specified along with the total temperature and radial and tangential velocity components. The one dimensional Reimann invariant is extrapolated from the interior to the boundary. With the specified flow variables this defines the incoming pressure, axial velocity component and temperature. At the exit the pressure is specified at the hub and radial equilibrium is used to establish the radial pressure distribution.
Problem Description
For the current study two swirler assemblies were analyzed. For Case 1, a flat helical swirler typical of advinced gas turbine airblast atomizers, with a range of turning from 52 degrees at the hub to 60°a t the tip was analyzed. For Case 2 an optimized curved vane was analyzed which utilized a constant 60 degrees turning section from hub to tip. An axial inflow condition was used for both cases. The grid for the helical vane geometry is given in Figure 1 , while the grid for the curved vane geometry is given by Figure 2 .
The curved vane design was based on a parametric
The grid used for this study was 75 x 35 x 35 for both cases. To capture the viscous effects, clustering was performed at the vane surfaces, and at the hub and outer case. The upstream boundary was located one chord length from the vane leading edge. To capture the vane wakes the downstream boundary was located one chord length from the vane trailing edge.
Results
From the results of the three dimensional numerical analysis, substantial differences in the flow patterns for the two vane systems were found. Figure 3 
presents a plot of the velocity vectors for the helical vane at the 21% span location for the takeoff condition. It is dearly seen that the vane is operating under highly stalled conditions. The flow separates at the vane leading edge and a stall cell extends over the majority of the vane suction side. This stall cell was present along the majority of the spanwise direction. This high loss region is clearly seen in the vane to vane exit total pressure loss coefficient profiles. The definition of the total pressure loss coefficient used here is
Po -Poi Figure 4 presents the exit total pressure loss coefficient for the helical vane at three radial locations ie., 21%, 50% and 82% span respectively for the takeoff condition. It is seen that a region of extremely high loss fluid exists across the vane passage up to the 50% span location. This is directly related to the large stall cell located in this region.
The velocity vectors for the curved vane at the 21% span location for the takeoff condition are presented in Figure 5 . There is no evidence of flow separation for this case. A uniform velocity profile is dearly evident except for the boundary layer at the vane surfaces. The highest loss area is at the vane suction side trailing edge. This is due to the strong circumferential static pressure gradient induced by the high turning. The vane trailing edge is highly loaded and when the fluid merges at the trailing edge, the shear stress on the suction side decreases as the fluid decelerates into the wake. In this vicinity an adverse pressure gradient exists. This causes the boundary layer on the suction side to thicken near the trailing edge resulting in a high localized loss area. Figure 6 gives the corresponding total pressure loss coefficients profiles for the curved vane. It is seen that there is a substantial reduction in the total pressure loss as expected as the stalled flow conditions associated with the helical vane have been eliminated. The loss in the mid vane passage has been reduced by a factor of 5 to 6 in the region of the 21% span location in comparison to the -helical vane. Figure 9 and the flow is highly three dimensional. The curved vane axial, circumferential, and radial exit velocity profiles are found in Figures 10-12 respectively. The axial and circumferential velocity profiles are much more uniform than the profiles for the helical vane.
Figures 7, 8 and 9 present the vane to vane axial, circumferential and radial exit plane velocity profiles respectively at the 21, 50, and 82% span locations for the helical vane at the takeoff condition. All velocities have been non-dimensionalind by the inlet velocity. Figures 7 and 8 show a highly nonuniform exit axial and circumferential velocity profiles. The large velocity deficit and reverse flow region in the mid vane passage is due to the stall cell. This will adversely affect the fuel atomization and fuel distribution in the combustor. The stall cell has induced a strong radial component of velocity as seen in
Further, due to the lower total pressure losses the total exit velocities are higher and swirl number larger for the curved vane versus the helical vane. This will substantially improve fuel atomization and The final case to be investigated was the idle condition. Here the importance of maintaining low loss is amplified due to the low inlet velocity. To maximize the exit velocity required for good fuel atomization the loss must be minimized. The velocity vectors for the helical vane are shown in figure 15 for the 21% span location. The size of the stall cell at the vane suction surface has decreased substantially. This results in a much more uniform exit velocity distribution in comparison with the two previous cases for the helical vane. This is seen in the axial and circumferential exit velocity profiles are presented in figures 16 & 17. The highly three dimensional nature of the flow field is seen in the radial velocity distribution of figure 18. The curved vane velocity vector plot at the 21% span location is given in figure 19 . The flow is still attached, however the boundary layer on the vane suction side is much thicker than the previous curved vane results. The axial and circumferential exit velocity profiles for the idle case are shown in figures 20 & 21. Though not as uniform as the curved vane profiles for the takeoff and cruise conditions, the profiles still exhibit more uniformity than the helical vane results. Further, the results show that the magnitude of the exit velocity for the curved vane is on the average 20 to 25% higher than the helical vane. This should improve fuel atomization. Figure 22 gives the radial velocity profiles for the curved vane. It should be noted that the flow has a three dimensional nature for this case which was not seen for the curved vane takeoff and cruise conditions. • Finally the total pressure loss coefficient profiles are presented in figures 23 & 24 for the helical and curved vanes respectively. A drastic reduction in loss for the curved vane in comparison with the helical vane is found.
Conclusions and Recommendations
Based on the results of this study the helical vane assembly was found to be operating under highly stalled conditions, for the idle, takeoff and cruise conditions, with a high exit total pressure loss and highly non-uniform exit velocity profile. This can result in poor fuel atomization and fuel distribution in the combustor. The curved vane system was seen to have much lower exit total pressure loss profiles and a much o 21% Span • 50% Span 82% Span Circumferential Location, (rad) For advanced gas turbine combustors with more air through the combustor front end the lower total pressure loss associated with the curved vane system will result in increased thrust with lower thrust specific fuel consumption. Currently, the predicted velocity profiles for the helical and curved vanes are being used as inlet boundary conditions in a three dimensional Navier Stokes solver with the capability to handle finite rate chemistry and liquid spray injection.
